Introduction
The human epidermal growth factor receptor (EGFR) is a multidomain protein composed of an extracellular ligand-binding domain, a single transmembrane domain and an intracellular tyrosine kinase (TK) domain. Stimulation of the receptor with EGF or other cognate ligands induces receptor homo-or heterodimerization and autophosphorylation of key Tyr residues within the carboxy terminal portion of the receptor. These phosphorylated Tyr residues serve as the binding sites for several signal transducers that initiate multiple signaling pathways, including those resulting in cancer phenotypes (Arteaga, 2002) .
Gefitinib (Iressa) is an orally active TK inhibitor (TKI) that blocks signal transduction pathways implicated in cancers (Wakeling et al., 2002) . Tumors from non-small cell lung cancer (NSCLC) patients with favorable clinical responses to the TKIs, such as gefitinib, erlotinib and lapatinib, have been shown to contain EGFR somatic activating mutations (Lynch et al., 2004; Paez et al., 2004; Pao et al., 2004) . The most frequent mutation is a point substitution within the activation loop (A-loop) that replaces Leu858 with Arg (L858R). The mutation within the phosphate-binding loop (P-loop) that replaces Gly719 with Ser (G719S) is found less frequently (Shigematsu and Gazdar, 2006) . Cells bearing the mutant EGFR proteins display oncogenic properties, but are generally more sensitive to inhibitors than cells expressing the wild-type EGFR protein. In particular, the L858R mutant is 10-to 100-fold more sensitive to erlotinib and gefitinib than the wild-type EGFR (Pao et al., 2004; Greulich et al., 2005; Mukohara et al., 2005) and significantly more sensitive than the G719S mutant (Jiang et al., 2005) . In vitro kinetic analyses revealed that the L858R and G719S mutants display higher enzymatic activity, and that the L858R mutant has greater TKI-binding affinity, as compared with the wild-type EGFR-TK (Yun et al., 2007) . The structures of the L858R and G719S mutants complexed with either AMPPNP or the inhibitors, gefitinib and AEE788, revealed that the overall conformation and ligand-binding modes are very similar to those of the wild-type EGFR-TK in the active conformation (Yun et al., 2007) .
NSCLC patients who initially respond to TKIs, but subsequently relapse, often have a secondary T790M mutation, which results in acquired drug resistance Pao et al., 2005) . This Thr residue is known as the 'gatekeeper', which controls the access of the inhibitors to a deep hydrophobic pocket in the ATP-binding site (Liu et al., 1998) . It was first predicted that the T790M mutation sterically hindered the binding of TKIs to the EGFR kinase domain, by the introduction of a bulky Met residue, thus resulting in drug resistance Pao et al., 2005) . A recent report, however, directly showed that the T790M mutant binds gefitinib B8-fold more tightly than the wild type. Indeed, the structure of the T790M mutant revealed that the Met790 residue can shift to accommodate the binding of inhibitors, such as AEE788 and HKI-272 (Yun et al., 2008) . The authors also found that the secondary T790M mutation greatly increased the ATP-binding affinity of the L858R mutant. They suggested that the clinically observed TKI resistance associated with the secondary T790M mutation is not attributable to steric blocking of inhibitor binding, as previously hypothesized, but rather to the enhanced affinity for ATP, although its binding mode was not clarified by the previously reported structures. The analogous gatekeeper mutation is found in many protein kinases that are implicated in cancer (Dixit et al., 2009) . The structural analysis of the c-SRC mutant (T334I) revealed that the gatekeeper mutation activates the kinase by stabilizing the 'hydrophobic spine', which is characteristic of the active kinase conformations (Azam et al., 2008) . A similar mechanism of activation was proposed by computational modeling of the EGFR T790M mutant (Azam et al., 2008) .
The development of specific inhibitors to target drugresistant EGFR mutants has become an important focus for the pharmaceutical management of NSCLC patients. Recently, novel inhibitors with increased selectivity against the EGFR T790M mutant have been identified (Engelman et al., 2007; de La Motte Rouge et al., 2007; Li et al., 2008; Cha et al., 2009 Cha et al., , 2011 Zhou et al., 2009 Zhou et al., , 2011 Carmi et al., 2010; Wu et al., 2010; Kobayashi et al., 2012; Taube et al., 2011) .
In this study, we characterized the biochemical properties of the EGFR G719S/T790M double mutant.
We confirmed that the G719S/T790M double mutant acquires resistance to gefitinib, with increased kinase activity and ATP affinity, as in the case of the previously characterized L858R/T790M double mutant (Yun et al., 2008) . We also determined the crystal structures of the G719S/T790M double mutant and the wild type and two drug-sensitive mutants, G719S and L858R, for direct comparison. The structures revealed the essential role of the Met790 side chain in the stabilization of the active conformation, as well as in the accommodation of AMPPMP or gefitinib in the binding site. We also observed a novel P-loop conformation in the L858R mutant, where the repositioning of the Phe723 residue results in the expansion of the active-site cleft. Structurebased mutagenesis of the full-length EGFR revealed that the expansion of the active-site cleft by the F723A mutation resulted in a significant increase in gefitinib sensitivity.
Results

In vitro study
Inhibitory potency and binding ability of gefitinib. The T790M mutation reportedly confers resistance to gefitinib or erlotinib on the oncogenic EGFR mutants (L858R and del L747-E749; A750P), which are usually sensitive to these drugs (Pao et al., 2005) . To further examine the effect of the secondary T790M mutation, we determined the IC 50 (half maximal inhibitory concentration) value of the G719S/T790M double mutant EGFR-TK domain and compared its gefitinib sensitivity with those of the wild-type and G719S EGFR kinase IC 50 value WT G719S G719S/T790M 1.04 µM 0.18 µM 1.86 µM Figure 1 The T790M secondary mutation of the G719S mutant confers resistance to gefitinib. The wild-type (circles) and the G719S (squares) and G719S/T790M (triangles) mutant EGFR kinases were assayed to measure the inhibitory effects of gefitinib at the indicated concentrations. The activities of the kinases in the absence of gefitinib were set to 100. Error bars indicate s.d.
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S Yoshikawa et al mutant proteins (Figure 1 ). Consistent with the previous reports, the G719S mutant was more sensitive to gefitinib (IC 50 ¼ 0.18 mM) than the wild-type protein (IC 50 ¼ 1.04 mM). In contrast, the G719S/T790M double mutant was B10-fold less sensitive to gefitinib (IC 50 ¼ 1.86 mM) as compared with the G719S mutant. Therefore, the T790M mutation effectively enhances the drug resistance of the G719S mutant. The acquired drug resistance of the G719S/T790M double mutant is not attributed to the reduced binding of gefitinib, because the G719S/T790M double mutant bound gefitinib with a K d ¼ 5.6 nM, which is tighter than G719S (K d ¼ 31.9 nM) and the wild type (K d ¼ 14.2 nM; Table 3 ). Kinetic analysis. We studied the in vitro kinetics of the wild-type and mutant EGFR-TK domains (Table 3) . The G719S/T790M double mutant showed a 2.2-fold. increase in the kinase activity (k cat ), while the G719S mutant showed a 5.9-fold increase, as compared with the wild type ( Table 3 ). The G719S mutant has a higher Michaelis-Menten constant (K m ; 13.3-fold) for ATP, as compared with the wild type, which is consistent with the previous report (Yun et al., 2007) . In contrast, the K m value of the G719S/T790M double mutant is lower than that of the G719S mutant, and closer to that of the wild type. The results indicated that the secondary T790M mutation effectively restores the nucleotidebinding ability of the G719S mutant, as in the case of the L858R mutant (Yun et al., 2007) .
Structure determination. To explore the structural basis for the acquired drug resistance, we determined the crystal structures of the G719S/T790M double mutant EGFR-TK domain in the apo form, and complexed with gefitinib and AMPPNP (Table 1) . For direct comparison, we also determined the structures of the wild-type, G719S and L858R EGFR-TK domains crystallized in the presence of AMPPNP ( Table 2 ). The wild-type and L858R structures were refined as complexes with AMPPNP, whereas AMPPNP was not included in the G719S structure, because of its weak electron density. The P-loop is partially disordered in all of the structures, albeit to different extents (residue 721 for L858R, residues 721-722 for the wild type, and residues 721-723 for G719S and G719S/T790M). The A-loop was also disordered in the G719S and L858R mutant structures (residue 865 for G719S and residues 862-875 for L858R), whereas in the wild-type and G719S/T790M double mutant structures, the A-loop was well ordered. The temperaturefactor profiles indicated high flexibility for these loop regions of the molecule, but the G719S/T790M and G719S mutants have lower temperature factors for the P-loop, as compared with the wild type. This indicates the reduced P-loop flexibility caused by the G719S mutation within this loop.
Overall structures. The structures of the G719S/ T790M double mutant, like those of the wild type, R free is calculated for 10% of randomly selected reflections excluded from refinement.
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G719S and L858R
, adopt an active conformation ( Figure 2 ). Leu777, Met766, Phe856 and His835 form a network of hydrophobic interactions from the N-lobe via the active site to the activation loop, termed the 'hydrophobic spine', which characterizes the active kinase conformation (Kornev et al., 2006) . The T790M gatekeeper mutation is located in the hinge region between the N-and C-lobes. In the present structures of the G719S/T790M double mutant, the gatekeeper Met790 is situated at the top of the hydrophobic spine and stabilizes it in the active conformation ( Figure 2 ). This structural feature accounts for the increased activity of this mutant.
Effect of the G719S mutation on AMPPNP binding. The G719S mutation is located within the P-loop at the first Gly residue in the conserved 'GXGXXG' sequence motif. In the crystal structure of the G719S/T790M double mutant with AMPPNP, the electron density for the AMPPNP ligand was clearly observed in the ATPbinding pocket ( Figure 3a) . A superposition of the G719S/T790M-AMPPNP complex onto the wild-type-AMPPNP complex revealed some differences, including a slight upward shift of the P-loop (Figure 3b ). On the other hand, the electron density for the entire AMPPNP molecule was not obtained in the ATPbinding pocket of the G719S single mutant (Figure 3c ). The residual electron density in this site is probably due to the partial disorder of the AMPPNP ligand. The position of the P-loop in the G719S single mutant is almost the same as that observed in the G719S/T790M double mutant (Figure 3c ), suggesting that this G719S mutation is responsible for this upward shift of the Ploop in these mutants, as compared with the wild type ( Figure 3b ). These observations suggest that the G719S mutant may have reduced binding affinity for nucleotides, probably caused by the altered P-loop conformation, and that the secondary T790M mutation may counteract the reduction in the ATP-binding affinity caused by the primary G719S mutation.
Effect of the secondary T790M mutation of the G719S mutant. Interactions with AMPPNP. To determine how the secondary T790M mutation restores the ATPbinding affinity of the G719S mutant, we compared the AMPPNP-binding modes of the G719S/T790M double mutant with that of the wild type. AMPPNP is bound in a similar manner in both structures, where the adenine base hydrogen bonds with the backbones of Met793 and Gln791. However, in the G719S/T790M double mutant, the AMPPNP adopts a different position, which effectively shortens the hydrogen bond between the a (Figure 4a ). At the gatekeeper position, the Met790 side chain in the G719S/T790M double mutant forms closer contacts with the adenine ring of AMPPNP, as compared with those made by the Thr790 side chain in the wild type ( Figure 4c ). In addition, this Met790 side chain in the double mutant significantly alters its conformation to optimize AMPPNP binding; in the AMPPNP-bound form, this side chain extends further into the ATPbinding pocket, as compared with that in the apo form (Figures 4b and c) . Together, these findings revealed that a Met residue at the gatekeeper position is more favorable for the tight binding of AMPPNP than the Thr residue of the wild-type protein (Figure 4c ). Interactions with gefitinib. In the crystal structure of the gefitinib-bound form of the G719S/T790M double mutant, the Met790 side chain assumes a distinct conformation, as compared with its AMPPNP-bound form ( Figure 4d ). The conformations adopted by the Met790 residue in our G719S/T790M structures are also different from that in the previously reported T790M-AEE788 complex structure (Yun et al., 2008) . This suggests that Met790 can optimize its conformation to suit the ligand bound in the pocket.
We also compared the gefitinib-binding modes of our G719S/T790M double mutant structure with that of the previously reported wild-type structure (PDB code: 2ity; Figure 4e ). The main hydrogen bonds between the protein and inhibitor are common to both structures (between the quinazoline ring of gefitinib and the backbone NH of Met793, and between the aniline ring of gefitinib and the backbone oxygen of Leu788), but the aniline ring of the inhibitor in the double mutant has rotated upwards, as compared with its position in the wild-type structure. This shift is presumably an adaptation made by the inhibitor to adjust to the modified binding site of the G719S/T790M double mutant.
Characteristics of the L858R gefitinib sensitive mutant. The L858R substitution, which results in a significant increase in gefitinib sensitivity, is located at the N-terminal end of the A-loop. A comparison of the structures of the wild-type-AMPPNP complex and the L858R-AMPPNP complex revealed a conformational change of Phe723, which is located within the P-loop (Figure 5a ). In the wild-type-AMPPNP complex structure, the side chain of Phe723 faces the b and g phosphate groups of the bound AMPPNP, whereas in the L858R-AMPPNP complex, the Phe723 side chain is rotated upwards, thus making the binding site more accessible and possibly facilitating the release of the 
G719S/T790M+gefitinib G719S/T790M+AMPPNP
Figure 2 Overview of the crystal structures of the EGFR-TK domains, shown in cartoon representations with the apo G719S/T790M in brown, G719S/T790M complexed with AMPPNP in cyan, G719S/T790M complexed with gefitinib in purple, G719S in pink, L858R complexed with AMPPNP in green and the wild type complexed with AMPPNP in gray. The AMPNP molecule, which is missing in the G719S structure, is represented by a stick model. The residues Ser719, Met790 and Arg858 in the mutant EGFR-TK domains are shown as spheres. The surface projections of the hydrophobic residues in the G719S/T790M complexed with AMPPNP indicate the hydrophobic spine. The dashed lines indicate the disordered regions in the P-loop and A-loop. (Figure 5b ). In the upwardly rotated conformation, Phe723 forms new interactions with Arg748 from the N-lobe (Figure 5a) . A comparison with all of the other EGFR kinase structures in the PDB revealed that the position adopted by the Phe723 residue in our L858R-AMPPNP complex is unique. This novel conformation results in a wider and more accessible active-site cleft, which, we hypothesize, may be responsible for the increased drug sensitivity displayed by the L858R mutant. However, we cannot rule out the possibility that these structural changes are a result of the different conditions required for the crystallization of this specific mutant (see Materials and methods section for details).
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In addition to the shift in the position of the Phe723 residue, we also observed a conformational change in the position of Arg858 in our structures, as compared with those reported previously (Yun et al., 2007) . In the present L858R structure, the Arg858 residue now forms a hydrogen bond with the hydroxyl of Tyr891 (2.74 Å ; Figure 5a ), an interaction that is absent in all other previously reported L858R structures, with the exception of the L858R-gefitinib complex (Yun et al., 2007) .
In the L858R mutant, the A-loop region is disordered, which may reflect the high level of mobility for this region. It is likely that this increased A-loop mobility could in turn affect the conformation of the P-loop, as in the inactive conformation Phe723 from the P-loop interacts with hydrophobic residues from the A-loop (including Leu858), displacing the aC helix from the active site (as seen in the wild-type-Lapatinib complex; PDB code: 1xkk; Wood et al., 2004; Figure 5c ). On the basis of the inactive structure, it was previously proposed that the G719S and L858R mutations prevent the kinase from adopting the inactive conformation, because of the disruption of these stabilizing P-loop/A-loop interactions, resulting in a constitutively active form of the protein (Zhang et al., 2006; Yun et al., 2007) . In addition, we hypothesize that the L858R mutant is stabilized in its active form through the formation of additional interactions, as observed in the L858R structure discussed above. Our L858R mutant structure revealed the formation of a hydrophobic interaction between a novel conformation of the Phe723 residue and Arg748, as well as an additional hydrogen bond between the mutated Arg858 residue and Tyr891.
Effect of the Phe723 mutation on the gefitinib sensitivities of EGFR. As the large Phe723 side chain hangs over the entrance of the active site in the wild-type EGFR-TK structure (Figure 5b ), the substitution of Phe723 with Ala was expected to result in the expansion of the active-site cleft, thus conferring gefitinib sensitivity. To verify this hypothesis, we created a full-length EGFR mutant, in which Phe723 is replaced with Ala, and evaluated the effect of the mutation on the gefitinib sensitivity in vivo.
We examined the EGF-mediated autophosphorylation of EGFR and its mutants (F723A, L858R and G719S) with various concentrations of gefitinib, by a western blot analysis. As shown in Figure 6a , the 
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sensitivities to gefitinib were significantly increased in all three EGFR mutants, as compared with the wild-type EGFR. The IC 50 values, measured by quantifying the phosphorylation of the L858R and G719S mutants, were 2.6-3.2-fold less than that of the wild-type EGFR (Figure 6b) , consistent with the previous report (Gilmer et al., 2008) . Importantly, the IC 50 of the F723A mutant was the lowest among the three EGFR mutants (B4.4-fold less than that of the wild type), supporting our hypothesis that the wider active site entrance contributes to the gefitinib sensitivity.
Discussion
Although previous studies showed that the distinct EGFR drug sensitive mutations differ markedly in 
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S Yoshikawa et al qtheir inhibitor affinities and sensitivities, the structural reasons for these phenomena were elusive. In this study, we revealed the structural basis for the altered drug sensitivities caused by the distinct NSCLCassociated EGFR mutations, G719S, T790M and L858R. The structure of the G719S single mutant was built without AMPPNP, due to ambiguous density in the binding site (Figure 3c ). The weak electron density for AMPPNP in the G719S mutant structure is consistent with the kinetic analysis showing that the G719S single mutant displays 13.3-fold lower ATP-binding affinity as compared with the wild type (Table 3) , as in the previous report (Yun et al., 2007) . On the other hand, the electron density for AMPPNP in the G719S/T790M double mutant was well defined (Figure 3a) . The conformation of the Met790 side chain in the G719S/T790M mutant is altered to optimize the AMPPNP binding, as compared with that of the Thr residue in the wild-type protein (Figures 4b and c) , and is thus able to recover from the reduced ATP affinity produced by the G719S mutation (Table 3) . Similarly, the introduction of a secondary T790M mutation in the L858R mutant, which normally displays reduced ATP-binding affinity, caused a significant increase in the affinity for ATP (Yun et al., 2008) . Our G719S/T790M structure also showed that the T790M mutation strengthens the 'hydrophobic spine', thus confirming the mechanism of kinase activation predicted previously (Azam et al., 2008) . Furthermore, the structure of the G719S/T790M mutant with gefitinib revealed that the G719S/T790M mutant can bind gefitinib in a similar manner to that previously observed for the wild type (Figure 4e ). The results indicated that the resistance to gefitinib is not due to steric hindrance by the Met790 mutation. In fact, the Met790 residue shifts slightly in the gefitinib complex to adopt a position that optimizes gefitinib binding (Figure 4d ), a modification also seen in the previously reported AEE788-bound T790M structure (Yun et al., 2008) . Consistently, the G719S/T790M mutant binds gefitinib with increased affinity, as compared with the wild type and the G719S mutant (Table 3) . Despite the increased gefitinib-binding affinity, the concurrent enhancement of ATP-binding affinity, caused by the T790M mutation in the G719S/T790M mutant, may render it resistant to gefitinib treatment. On the other hand, the T790M single mutation alone has a minimal effect on the affinity for ATP (Yun et al., 2008) . Considering the results from our study (Table 3) and those reported previously (Yun et al., 2008) , it is possible that the T790M mutation contributes to the tighter ATP binding more effectively in combination with other mutations, such as G719S and L858R, which confer decreased ATP-binding affinity.
We also identified the significant characteristics of the G719S and L858R mutant structures, which may explain the enhanced drug sensitivity of these mutants. The G719S mutant displays a slight upward shift in the P-loop (Figure 3c ). We expect that this upward conformation of the P-loop would generate a binding site that not only displays greater accessibility to ATPcompetitive inhibitors, but also releases ATP more easily. As TKIs, such as gefitinib, contain an aromatic substituent that binds deeply within the hydrophobic pocket at the back of the ATP-binding site (Stamos et al., 2002; Wood et al., 2004; Yun et al., 2007 Yun et al., , 2008 , we predict that the change in the binding site caused by the G719S mutation has less of an effect on the enzyme's binding affinity for TKIs, as compared with that for the smaller nucleotide ligands. In the L858R mutant, the Aloop is largely disordered and the Phe723 side chain adopts a novel conformation in which it rotates away from the binding pocket (Figure 5a ). This movement Structures of EGFR kinase mutants S Yoshikawa et al may explain the decreased ATP-binding affinity and increased gefitinib-binding affinity displayed by this drug-sensitive L858R mutant (Yun et al., 2007 (Yun et al., , 2008 . We hypothesize that the wider active-site cleft of the L858R mutant may be responsible for its enhanced drug sensitivity. This hypothesis is supported by our in vivo analyses, which showed that the EGFR mutant, with the substitution of Ala for Phe at position 723, displays greatly enhanced sensitivity towards gefitinib (Figure 6b) .
The structural variations adopted by the Met790 side chain in the G719S/T790M double mutant in complex with various ligands will provide important information for the development of more potent and selective drugs for use in resistant individuals.
Materials and methods
Protein expression and purification
The mutant bacmids of the EGFR kinase (residues 695-1022) were produced using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). The baculoviruses for the His-tagged EGFR-TKs were created using the Bac-to-Bac Baculovirus Expression System (Invitrogen, Carlsbad, CA, USA), and were used to infect Sf9 cells. Cells were harvested 48 h after infection, and then disrupted by nitrogen cavitation. After centrifugation, the supernatant was loaded onto a Ni-NTA agarose column (QIAGEN, Valencia, CA, USA) and then the protein was eluted. The His-tag was cleaved by tobacco etch virus protease, and the protein was passed through the Ni-NTA agarose column again. The protein sample was further purified by Mono Q and Superdex 200 column chromatography (GE Healthcare, Buckinghamshire, UK) in a final buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM DTT and 10% glycerol.
Enzyme kinetic assays and IC 50 determinations EGFR kinetic parameters were determined by using the ATP/ NADH-coupled assay system, as described (Yun et al., 2007) . The reaction mixture contained 4 mM MnCl 2 , 1 mM phospho(enol)pyruvic acid trisodium salt hydrate), 1/50 of the final reaction mixture volume of the PK/LDH enzyme (pyruvate kinase/lactic dehydrogenase enzymes from rabbit muscle), 100 mg/ml poly-(Glu 4 Tyr 1 ) peptide, 0.1 M 3-(N-morpholino)propanesulfonic acid (pH 7.5), 1 mM tris(2-carboxyethyl)phosphine, 0.2 mg/ml bovine serum albumin, 0.5 mM NADH, and 0.2-1 mM kinase. Various concentrations of ATP were added last, to start the reaction. Steady-state initial velocity data were drawn from the slopes of the A 340 curves and fit to the Michaelis-Menten equation, to determine the V m and K m values.
Various amounts of gefitinib were added to the same kinase kinetic assays, except that the ATP concentration was fixed at 1 mM, to determine the range of gefitinib needed to encompass the IC 50 values.
Binding constant assays
The equilibrium fluorescence quenching method was used to obtain the gefitinib binding constant, as described (Yun et al., 2007) . The excitation and emission wavelengths were 283 nm and 340 nm, respectively. The gefitinib solution was titrated into the kinase solution in a buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 0.5% glycerol and 1 mM tris(2-carboxyethyl)phosphine. The fluorescence data were fitted using the nonlinear curve-fitting program, KaleidaGraph (Synergy Software, Reading, PA, USA), and the dissociation constants (K d ) were determined as described (Yun et al., 2007) .
Crystallization and data collection
For the crystallization of the wild-type and mutant EGFRTKs complexed with AMPPNP, all proteins were mixed with 5 mM AMPPNP and 5 mM MgCl 2 , and incubated at 4 1C for 6 h-overnight before crystallization. Diffraction quality crystals of the wild-type and G719S/T790M EGFR-TKs complexed with AMPPNP grew against a reservoir solution containing 0.2 M NaCl, 1 M sodium citrate and 0.1 M Tris-HCl buffer at pH 7.0, by the sitting drop vapor diffusion method. The crystals of the G719S mutant grew against a reservoir solution containing 1.1 M potassium sodium tartrate and 0.1 M MES buffer at pH 7.0, and the crystals of the L858R mutant grew against a reservoir solution containing 28% PEG300 and 0.1 M Tris-HCl buffer at pH 8.7, by the hanging drop vapor diffusion method.
The crystals of the G719S/T790M mutant complexed with gefitinib grew from the protein incubated with a final concentration of 0.5 mM gefitinib and 1% dimethyl sulfoxide overnight at 4 1C. This complex was incubated against a reservoir solution containing 1.1 M sodium citrate and 0.1 M MES buffer at pH 7.1, by the hanging drop vapor diffusion method.
The crystals of the apo G719S/T790M grew under microgravity by the counter-diffusion method (Garcia-Ruiz and Morena, 1994), using a JAXA Crystallization Box (JCB) at 20 1C. Capillaries were filled with protein solution and installed into a JCB syringe case filled with precipitant solution (1.7 M sodium citrate and 0.1 M MES buffer at pH 7.1). The Protein Crystallization Research Facility onboard 'Kibo' (Japanese experiment module) of the International Space Station was used for the space experiment. All data were collected at 100 K, with reservoir solutions containing 16-30% glycerol as a cryoprotectant, as summarized in Tables 1 and 2 . The diffraction data were processed with the XDS program (Kabsch, 1993) for the wild type, the MOSFLM program (Leslie, 1992) for the apo-and gefitinib-G719S/T790M, and the HKL2000 program (Otwinowski and Minor, 1997) for the others.
Structure determination and refinement All structures were solved by the molecular replacement method, using the programs MOLREP (Vagin and Teplyakov, 1997) and PHASER (Read, 2001) , with the structure of the wild-type EGFR-TK (PDB code: 1M14, 2GS2 or 2GS6) as the search model. The model was corrected iteratively using the programs O (Jones et al., 1991) and Coot (Emsley and Cowtan, 2004) , and the structure refinement was performed using the programs LAFIRE (Yao et al., 2006) , REFMAC (Murshudov et al., 1997) and Crystallography & NMR System (Brunger et al., 1998 ). All refinement statistics are presented in Tables 1 and 2 . The quality of the model was inspected by the program MolProbity (Davis et al., 2007) . The graphic figures were created using the program PyMOL (DeLano, 2005) . The superimposition was accomplished with the program lsqkab (Kabsch, 1976) in the CCP4 suite (Collaborative Computational Project, 1994) .
Analysis of sensitivities of EGFR mutants to gefitinib
The full-length cDNAs encoding the wild-type and mutant EGFRs were cloned into the expression vector pMX-puro (Suzuki et al., 2002) . Retroviral infection of NIH3T3 cells was performed as described (Suzuki et al., 2002) . Infected cells were seeded in six-well plates at a concentration of 100 000 cells per Structures of EGFR kinase mutants S Yoshikawa et al well. After an overnight incubation, the cells were pre-treated with 0-625 nM gefitinib for 4 h and then stimulated with 10 ng/ ml EGF for 10 min. For the immunoblotting analysis, the proteins in the cell lysates were separated by 7.5% SDSpolyacrylamide gel electrophoresis and electrotransferred to polyvinylidene difluoride membranes (Immobilon, Millipore, Billerica, MA, USA). The membranes were incubated with anti-phospho EGFR (Tyr1173) rabbit polyclonal antibodies (Cell Signaling Technology, Beverly, MA, USA) and anti-EGFR rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by an anti-rabbit IgG F(ab 0 ) 2 conjugated with horseradish peroxidase. Specific bands were visualized with enhanced chemiluminescence (Renaissance, Perkin Elmer, Norwalk, CT, USA). Signals were quantified using Adobe Photoshop.
